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Recently, we proposed the X1 method which combines density functional theory method B3LYP
with a neural network correction for an accurate yet efficient prediction of heats of formation J. M.
Wu and X. Xu, J. Chem. Phys. 127, 214105 2007. In the present work, we examine the X1
performance to calculate bond energies. We use 32 radicals and 115 molecules to set up 142 bond
dissociation reactions. For the total of 147 heats of formations and 142 bond energies, B3LYP leads
to mean absolute deviations of 4.54 and 6.26 kcal/mol, respectively, while X1 reduces the
corresponding errors to 1.41 and 2.45 kcal/mol. © 2008 American Institute of Physics.
DOI: 10.1063/1.2998231
I. INTRODUCTION
Bond energy BE is a central concept used everywhere
in chemistry. It is defined as the energy released or absorbed
associated with making or breaking bonds between atoms
and radicals. Accurate BE data are fundamental to the under-
standing of a diversity of chemical processes such as atmo-
spheric and combustion reactions or enzymatic catalysis. The
determination of BE may require the investigation of the
stability of the respective radicals, making the experimental
number an easy victim of large uncertainties 2–3 kcal/mol
and more in some cases.1–6 In this regard, the development
of theoretical methods for an accurate, yet efficient, predic-
tion of BE is of great significance.
Ab initio methods provide a valuable tool for this
purpose.7–19 However, as correlation effects play an impor-
tant role, highly correlated post-Hartree–Fock methods at the
level of CCSDT or QCISDT have to be adopted. It has
now been proven that accurate BE can be obtained with the
well-established Gaussian theories Gn,11–14 complete basis
set methods CBS methods,15,16 and Weizmann theories
Wn methods,17–19 which are composite methods aiming to
extrapolate to the limits in both spaces of one-particle basis
set and many-particle configuration interaction. Neverthe-
less, these methods are very computational-resource de-
manding and computational-time consuming, which limit
their applicability to large molecules.
Density functional theory DFT offers a promising al-
ternative for BE calculations.20–32 In fact, Becke’s three-
parameter hybrid method B3LYP33–35 has been widely rec-
ognized as a cost-effective method and has been successfully
applied to many chemically interesting systems.20–26 Al-
though many new density functionals have been proposed, a
recent review36 showed that B3LYP is by far the most popu-
lar density functional in chemistry, representing 80% of the
total of occurrences of density functionals in literature in the
period of 1990–2006. However, there are increasing evi-
dences showing that B3LYP may underestimate BE.27–32 En-
ergy corrections on top of B3LYP can thus provide a conve-
nient way in pursuit of higher accuracy without paying
additional computational cost. Recently, we developed the
X1 method which combines B3LYP with a neural network
NN correction for an accurate yet efficient prediction of
heats of formation.37 The performance of X1 is close to the
Gn theories, giving a mean absolute deviation MAD of
1.43 kcal/mol for the G3 /99 set of 223 neutral molecules. In
the present work, we examine the X1 performance to calcu-
late BE. We use 27 radicals and 76 molecules contained in
the G3 /99 set to set up 92 bond dissociation reactions. We
further include 5 radicals and 39 molecules that go beyond
the G3 /99 set to set up 50 additional bond dissociation re-
actions. For a total of 142 bond dissociation reactions, X1
reduces the B3LYP MAD from 6.26 to 2.45 kcal/mol.
II. COMPUTATIONAL DETAILS
All our calculations were performed by using the
GAUSSIAN 03 suite of programs.38 The equilibrium geometry
of each molecule or radical was optimized at the level of
B3LYP /6-311+Gd , p. Analytical harmonic frequency was
calculated at the same level to give zero-point energy ZPE
and thermocorrections and to ensure that each geometry cor-
responded to a true local minimum. The final electronic en-
ergy was obtained by single-point calculation at the level of
B3LYP /6-311+G3df ,2p. The standard heats of formation
Hf
0– at 298 K were calculated in the same manner as Curtiss
and co-workers11–13 by first subtracting the calculated atomi-
zation enthalpies, using unscaled ZPE for the molecule, from
the known experimental heats of formation of the isolated
atoms at 0 K and then adding the calculated thermocorrec-
tions H0→298 K for the molecule, as well as H0→298 K for
elements in their standard states from experiments.
In the X1 method,37 a three-layer NN structure is
adopted, which has an input layer consisting of inputs from
the physical descriptors, a hidden layer containing five hid-
aAuthor to whom correspondence should be addressed. Electronic mail:
xinxu@xmu.edu.cn.
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den neurons, and an output layer that outputs the corrected
values for Hf
0–. In the input layer, there are 19 descriptors.
These include Hf
0–,B3LYP the B3LYP calculated heats of for-
mation, Na the total number of atoms in a molecule, ZPE
the calculated zero-point vibrational energy, Ne the total
number of electrons in the system, and the number of each
constituent elements e.g., NH, NC, NN, NO, NF, NSi, NP, NS,
and NCl. A multipopulation genetic algorithm was employed
to cooperate with the general back propagation algorithm to
optimize Wxij and Wyj.
37 Here Wxij and Wyj are the
connection weights that relate the input neurons to the hid-
den neurons and the hidden neurons to the output neuron,
respectively. We have compiled the X1 /07 set, which covers
the G2 /97 and the G3 /99 sets with additional 170 molecules
to make a total of 393 molecules.37 The G2 /97 set of 148
molecules is always included in the training set plus 15 bor-
der molecules e.g., n-C32H66, which is the biggest one of the
C and H containing molecules, and C6F10, which is the big-
gest one of the F containing molecules, etc.. Other mol-
ecules in the X1 set are divided randomly into five subsets.
Four subsets are added into the training set and one subset is
left out as the validation set. In course of the NN training,
errors of the training set, as well as those of the validation
set, go down. When the latter starts to rise, the training pro-
cess is stopped. The final weights can be found in Ref. 37.
Apart from the B3LYP and X1 results, we also summa-
rize the G2 and G3 results in Tables I–IV.12,13,39,40 The Gn
theory is a composite method. Through a series of calcula-
tions at lower level, the Gn theory aims to reproduce effec-
tively the QCISDT results with basis set of triple zeta qual-
ity. A higher level correction HLC procedure was designed
to compensate the remaining deficiencies of each method,
which was parametrized against some experimental data,12,13
EHLC = − 0.19n − 4.81n for G2, 1
EHLC = − 2.977n − 3.409n for G3 molecules,
2
EHLC = − 1.185n − 5.034n for G3 atoms. 3
Here EHLC are in mhartree, n and n are numbers of 
and  valence electrons, respectively. To examine the effect
of HLC, we will also report G2 and G3 results without HLC.
These methods will be denoted as G2-HLC and G3-HLC.
We calculated BE of a single bond according to the en-
thalpy change in the following reaction in the gas phase at
298 K and 1 atm:
X − Yg = X ·g + Y ·g ,
BE = Hr = HfX · + HfY · − HfX − Y , 4
where we supplied the calculated heats of formation with the
given method for each species. When X or Y happened to be
an atom, we used the experimental heats of formation.12,13
III. RESULTS AND DISCUSSION
A. Heats of formation for molecules and radicals
in the G3/99 set
Tables I and II summarize the experimental heats of for-
mation at 298 K for a set of molecules set 1 and a set of
radicals set 2, respectively. These molecules and radicals
are all within the G3 /99 set, for which the experimental
uncertainties are below 1.0 kcal/mol.12,13 As it is difficult to
obtain accurate heats of formation for radicals by means of
experiments, only 25 radicals doublet can be found in the
G3 /99 set. Excluding BeH, but adding CH2, NH, and SiH2
in the triplet, we collect 27 radicals as in set 2. Due to the
limitation of available radicals, only 76 molecules set 1 can
be selected from G3 /99, which set up 92 bond dissociation
reactions, as presented in Tables III and IV.
Tables I and II also summarize the errors from various
theoretical methods. The G3 method is very satisfactory.
MADs for molecules and radicals in sets 1 and 2 are only
0.71 and 0.83 kcal/mol, respectively. For molecules, the larg-
est error 3.60 kcal/mol occurs at CH2CHCl, while for radi-
cals, the largest error is only −1.80 kcal /mol, associated
with CN. Clearly, G3 is a significant improvement over the
G2 method.39,40 For the latter, MADs for molecules in set 1
and radicals in set 2 are 1.75 and 1.27 kcal/mol, respectively.
G2 is especially problematic for halogen compounds.39,40 Er-
rors are as high as 4.30 HCF3, 5.56 CF4, 5.38 CF3Cl,
and 4.80 kcal/mol F3CCN. G2 underestimates the stability
of phenyl radical by 7.11 kcal/mol. From Tables I and II, it is
clear that HLC is very effective. Without HLC, there is a
clear underbinding tendency for both G3-HLC and G2-HLC,
whose MADs are 13.70 and 14.54 kcal/mol, respectively, for
set 1 and set 2 together. The biggest errors are −29.75 and
−35.72 kcal /mol, both occurring at the C6H5NH2 molecule.
This suggests that even with basis set of triple zeta quality,
CCSDT or QCISDT is a not suitable method to directly
derive heats of formation. Extrapolation methods or some
correction schemes, such as isodesmic and homodesmic
methods, have to be adopted.8,16
Data in Tables I and II, once again, demonstrate that
B3LYP possesses a high cost/effectiveness ratio such that at
the cost of Hartree–Fock level, B3LYP leads to MADs of
4.06 and 2.56 kcal/mol for molecules set 1 and radicals set
2, respectively. Most significantly, with no extra computa-
tional cost upon application, X1 reduces B3LYP MADs by
2.81 and 0.82 kcal/mol for set 1 and set 2, respectively, giv-
ing MAD of 1.36 kcal/mol for 103 molecules of set 1 and set
2 together.
B. General comments on the prediction of BEs
We calculated BE by using heats of formation of each
species according to Eq. 4. As heats of formation are cal-
culated by adding experimental heats of formation of atoms
to the calculated atomization energies, which breaks every
chemical bonds, errors are expected to be smaller when cal-
culating a specific BE. Tables III and IV summarize the er-
rors of the calculated BEs against the experimental data. For
consistency, the experimental data are also derived according
to Eq. 4 using the experimental heats of formation as listed
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TABLE I. Heats of formation at 298 K unit in kcal/mol: experimental data and theoretical errors for a set of
molecules within the G3 /99 set set 1.
No. Molecule Expt.a B3LYPb X1 G3a G3-HLCc G2a G2-HLCc
1.1 H2O −57.8 −1.73 −1.24 −0.30 −5.55 0.30 −5.50
1.2 H2S −4.9 −0.51 −2.25 −0.40 −5.65 −0.10 −5.90
1.3 NH3 −11.0 2.79 0.68 −0.77 −8.44 −0.17 −8.87
1.4 PH3 1.3 3.03 −0.83 −1.80 −9.47 −0.70 −9.40
1.5 HOCl −17.8 −1.61 −0.38 −0.40 −5.96 0.50 −5.30
1.6 NOCl 12.4 3.06 0.57 −1.04 −9.23 0.76 −7.94
1.7 CO −26.4 −3.07 −2.32 0.28 −5.07 1.78 −4.02
1.8 H2O2 −32.5 −1.70 −2.23 −1.23 −9.21 −0.23 −8.93
1.9 N2H4 22.8 5.49 0.97 −2.11 −14.92 −0.91 −15.41
1.10 CH4 −17.9 0.40 0.37 0.30 −7.37 0.70 −8.00
1.11 C2H6 −20.1 −1.30 0.27 0.32 −12.49 0.52 −13.98
1.12 n-C3H8 −25.0 −3.97 0.37 0.30 −17.65 0.40 −19.89
1.13 n-C4H10 −30.0 −6.80 0.91 0.40 −22.70 0.40 −25.69
1.14 CH33CH −32.1 −7.90 −0.43 0.23 −22.87 0.33 −25.76
1.15 CH34C −40.2 −13.20 −2.25 0.50 −27.74 0.41 −31.48
1.16 C2H4 12.5 −0.52 −0.11 0.24 −10.05 −0.26 −11.86
1.17 CH2CHCH3 4.8 −2.40 0.05 0.08 −15.35 −0.52 −17.91
1.18 CH2CHCHCH2 26.3 −3.22 0.58 −0.40 −18.46 −1.70 −21.99
1.19 C2H2 54.2 −2.50 −2.56 −0.71 −8.48 −1.61 −10.31
1.20 CH3CCH 44.2 −2.63 −1.45 −0.20 −13.11 −1.50 −16.00
1.21 C6H6 19.7 −6.91 1.10 −0.66 −23.97 −3.96 −30.05
1.22 C6H5CH3 12.0 −9.97 0.84 −0.90 −29.35 −3.14 −35.03
1.23 CH3OH −48.0 −0.80 −0.65 0.10 −10.29 1.40 −10.20
1.24 C2H5OH −56.2 −3.41 −1.08 0.09 −15.45 0.99 −16.40
1.25 CH32CHOH −65.2 −6.69 −1.30 0.50 −20.18 1.20 −21.99
1.26 CH33COH −74.7 −11.29 −2.69 0.80 −25.03 1.44 −27.55
1.27 C6H5OH −23.0 −9.03 −0.45 −1.60 −27.64 −3.77 −32.76
1.28 CH3OCH3 −44.0 −1.37 0.91 0.40 −15.14 2.00 −15.39
1.29 CH3OC2H5 −51.7 −3.56 2.04 1.10 −19.58 2.30 −20.89
1.30 C2H5OC2H5 −60.3 −6.76 2.55 0.80 −25.03 1.68 −27.31
1.31 H2CO −26.0 0.53 −0.35 0.64 −7.23 1.94 −6.76
1.32 CH3CHO −39.7 −0.92 −0.77 0.10 −12.92 1.30 −13.20
1.33 CH32CHCHO −51.6 −8.31 −2.03 −0.60 −23.91 0.41 −25.68
1.34 CH32CO −51.9 −3.44 −0.94 0.07 −18.09 1.07 −19.22
1.35 CH3COC2H5 −57.1 −6.36 −0.33 0.30 −23.01 1.07 −25.02
1.36 CH33COCH3 −67.8 −13.00 −0.57 1.40 −29.57 2.36 −32.43
1.37 HCOOH −90.5 −0.89 0.18 0.10 −10.50 2.00 −9.60
1.38 CH3COOH −103.4 −3.35 −1.59 −0.10 −15.85 1.50 −15.89
1.39 HCOOCH3 −85.0 −0.72 1.04 1.60 −14.15 3.80 −13.59
1.40 CH3COOCH3 −98.4 −4.25 −0.19 0.70 −20.19 2.61 −20.58
1.41 HCOCOH −50.7 −0.92 −1.41 0.90 −12.33 2.90 −11.60
1.42 CH3COF −105.7 −2.04 −1.10 0.10 −13.23 2.00 −12.50
1.43 CH3COCl −58.0 −3.04 0.68 0.20 −13.13 1.80 −12.70
1.44 CH3COCCH 15.6 −7.05 −4.93 −2.50 −20.77 −3.11 −23.40
1.45 CH3Cl −19.6 −1.58 0.91 −0.06 −8.04 0.94 −7.76
1.46 HCF3 −166.6 −2.11 0.35 0.50 −8.11 4.30 −4.40
1.47 CF4 −223.0 −4.16 0.77 0.86 −8.06 5.56 −3.14
1.48 CF3Cl −169.5 −4.51 0.19 1.20 −7.72 5.38 −3.31
1.49 C2H5Cl −26.8 −4.17 0.69 −0.10 −13.22 0.80 −13.70
1.50 C2F6 −321.3 −7.45 2.75 2.80 −11.90 9.39 −5.11
1.51 n-C3H7Cl −31.5 −6.73 1.41 0.38 −17.89 1.18 −19.11
1.52 CH33CCl −43.5 −11.84 −0.83 1.20 −22.21 2.19 −23.90
1.53 CH2CHF −33.2 0.83 0.79 1.20 −9.40 1.70 −9.90
1.54 CH2CHCl 8.9 0.86 3.86 3.60 −7.00 3.70 −7.90
1.55 C6H5F −27.7 −6.75 0.52 −0.40 −24.02 −2.70 −28.79
1.56 C6H5Cl 12.4 −9.75 1.33 0.20 −23.42 −2.39 −28.48
1.57 CH3SH −5.5 −2.21 −0.90 −0.40 −10.79 −0.20 −11.80
1.58 C2H5SH −11.1 −5.20 −0.53 −0.40 −15.94 −0.40 −17.79
1.59 CH33CSH −26.2 −13.47 −2.26 1.00 −24.83 1.07 −27.92
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in Tables I and II. Immediately, we see that errors are sig-
nificantly reduced by around one digit when using Gn-HLC
to calculate BE. Atomization energies may have overempha-
sized the CCSDT errors for chemical reactions. Errors per
electron pairs associated with CCSDT are highly system-
atic, making CCSDT method combined with triple zeta
quality basis set a valuable tool to calculate BE. Indeed,
G2-HLC performs even better than G2 for BE calculations,
giving MAD of 1.72 for bonds involving H, F, and Cl atoms
Table III, and 1.44 kcal/mol for bonds involving two radi-
cals Table IV. The corresponding G2 errors are 1.61 and
1.95 kcal/mol, respectively. Especially, G2 method is worse
than G2-HLC for reactions involving phenyl radical e.g.,
C6H5–H, C6H5–F, and C6H5–Cl. The G3 methods with or
without HLC improves significantly over the corresponding
G2 methods. Such improvement can be attributed to a better/
larger basis set used in G3 and the inclusion of core-valence
correlations at the CCSDT level.12,13 In fact, the HLC
scheme in G3 is more powerful than that in G2, as the
former optimized the parameters separately for atoms and
molecules Eqs. 1–3. Hence, for bond energies involving
atoms Table III, G3 gives MAD of only 0.83 kcal/mol.
On the other hand, we notice that errors associated with
G3 is bigger for the prediction of BE than for heats of for-
mation. For example, errors associated with heats of forma-
tion of N2H4 and NH2 are −2.11 and 0.60 kcal/mol, respec-
tively, while error for the H2N–NH2 bond is as high as 3.31
kcal/mol. Hence errors in heats of formation can accumulate,
instead of cancelling out, in BE.
Such kind of error accumulation should also exist in our
experimental BE derived from Hf
0–. There are other ways to
determine BE without directly involving Hf
0– of radicals3–6
e.g., radical kinetics, gas-phase acidity cycles, photoioniza-
tion mass spectrometry, etc.. These methods, however, suf-
fer from their own shortcomings. An early experimental BE
of H2N–NH2 of Szwarc is 60 kcal/mol.
41 References 23 and
27 cited the experimental values as 65.8 and 68.2 kcal/mol,
respectively. The former comes from CRC handbook2 and
the latter from NIST database.42 For consistency, we use
67.41 kcal/mol based on the experimental Hf
0– used by Cur-
tiss and co-workers11–14,39,40 to set up the Gaussian theory.
No further judgment or adjustment of the experimental data
is attempted at this moment.
We notice that error accumulation is very significant in
the B3LYP method. For data in Tables I and II, B3LYP
shows an underbinding tendency for the radicals signed av-
erage of 1.95 kcal/mol but an overbinding tendency for the
parent molecules signed average of −3.29 kcal /mol. Errors
for BE prediction can be much more severe than errors as-
sociated with Hf
0– prediction. For X−Y bonds, where X and
Y are both some radicals Table IV, MAD is as high as 7.19
kcal/mol. In some extreme cases involving t-butyl radical,
TABLE I. Continued.
No. Molecule Expt.a B3LYPb X1 G3a G3-HLCc G2a G2-HLCc
1.60 CH3SCH3 −8.9 −4.32 0.79 0.00 −15.54 0.20 −17.19
1.61 HCN 31.5 0.99 −0.85 0.20 −7.57 0.30 −8.40
1.62 CNCN 73.3 2.28 −1.28 −0.30 −13.32 −1.50 −16.00
1.63 CH3CN 18.0 0.74 −1.28 0.20 −12.71 −0.10 −14.60
1.64 CH32CHCN 5.6 −7.01 −4.49 −1.10 −24.30 −1.62 −27.72
1.65 F3CCN −118.4 −2.00 −5.56 1.80 −12.06 4.80 −9.70
1.66 CH2CHCN 43.2 −1.77 −2.97 −1.60 −17.14 −2.70 −20.09
1.67 CH3NH2 −5.5 1.81 0.13 −1.00 −13.81 0.00 −14.50
1.68 C2H5NH2 −11.3 0.19 0.77 0.00 −17.95 0.80 −19.49
1.69 C6H5NH2 20.8 −4.96 1.82 −1.30 −29.75 −3.83 −35.72
1.70 CH33CNH2 −28.9 −8.98 −2.63 −0.10 −28.34 0.51 −31.38
1.71 CH3CONH2 −57.0 0.48 −0.99 −1.10 −19.26 0.20 −20.09
1.72 CH3NO2 −17.8 2.69 −0.55 0.00 −15.75 2.70 −14.69
1.73 CH3ONO −15.9 2.03 −1.77 −0.20 −15.95 2.70 −14.69
1.74 SiH4 8.2 1.19 0.09 0.90 −6.77 2.20 −6.50
1.75 CH3SiH3 −7.0 −2.57 −0.44 −0.20 −13.01 0.40 −14.10
1.76 Si2H6 19.1 −0.85 −0.64 1.40 −11.41 2.90 −11.60
MADd 4.06 1.26 0.71 15.57 1.75 16.62
ADe −3.29 −0.44 0.08 −15.57 0.77 −16.62
rmsf 5.30 1.67 0.99 16.97 2.36 18.67
Max+g 5.49 3.86 3.60 −5.05 9.39 −3.14
Max−h −13.47 −5.56 −2.50 −29.75 −3.96 −35.72
aData taken from Refs. 12, 13, 38, and 39.
bB3LYP /6-311+G3df ,2p //B3LYP /6-311+Gd , p.
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B3LYP errors are more than 10 kcal/mol e.g., 11.98
CH33C–CH3, 13.37 CH33C–OCH3, 11.67
CH33C–NH2, 11.29 CH33C–SH, etc.. Even for
simple C–C bonds in n-alkanes CH3–CH3, CH3–C2H5, and
C2H5–C2H5, errors are as high as 5.68, 7.51, and 9.52 kcal/
mol, respectively. It is significant that X1 reduces this error
to a large extent. Hence, MAD associates with X−Y bond as
listed in Table IV is 2.96 kcal/mol. A close comparison be-
tween B3LYP and X1 data in Table IV shows that X1 con-
sistently improve over B3LYP. The highest correction is 9.49
kcal/mol, occurring at C2H5–OC2H5 bond reaction 4.33.
There are only two examples that X1 leads to larger errors
than B3LYP. One is CH3–CN reaction 4.18 and the other
is F3C–CN reaction 4.21, both involving CN radical. BE
errors associated with phenyl and t-butyl radicals are also too
large for the X1 method, leaving much room for further de-
velopment.
In literature, there are other methods to do energy cor-
rections for highly accurate heats of formation.43–47 These
methods generally fall into two categories. One is based on
atom corrections,44,45 and the other relies on bond
corrections.46,47 The later methods may lead to higher accu-
racy than the former but are not generally applicable, e.g., to
nonequilibrium geometries or to bond types that have not
been assigned.44 The atom correction methods, on the other
hand, may fail to improve reaction energies, as the number of
atoms for each element is preserved through the reaction,
such that atom-based corrections for heats of formation may
be canceled out for heats of reaction.45 The NN based
method provides a unique way.37,43 X1 only uses the atomic
information from molecular stoichiometry but includes the
bonding information through the neural work. As the atomic
correction is nonlinear, it improves the prediction of both
heats of formation and heats of reaction.
TABLE II. Heats of formation at 298 K unit in kcal/mol: experimental data and theoretical errors for a set of
radicals within the G3 /99 set set 2.
No. Radicals Expt.a B3LYPb X1 G3a G3-HLCc G2a G2-HLCc
2.1 OH 9.4 1.70 0.35 1.00 −2.85 0.30 −2.60
2.2 NH 85.2 4.43 1.15 0.90 −3.97 −1.10 −4.00
2.3 NH2 45.1 6.11 2.43 0.60 −5.67 0.10 −5.70
2.4 SH 34.2 1.24 −0.09 0.48 −3.37 −0.22 −3.12
2.5 PH2 33.1 5.84 1.90 0.50 −5.77 0.20 −5.60
2.6 OCl 24.2 1.29 2.18 −1.71 −5.88 −2.21 −5.11
2.7 NO 21.6 3.01 −0.82 −0.22 −6.70 0.58 −5.22
2.8 NO2 7.9 6.45 1.16 −0.19 −9.40 0.71 −7.99
2.9 CH 142.5 1.53 2.18 1.40 −2.35 0.60 −2.30
2.10 CH23B1 93.7 1.72 0.41 1.30 −3.57 −1.00 −3.90
2.11 CH3 35.0 2.19 0.64 1.00 −5.27 −0.10 −5.90
2.12 C2H5 28.9 1.36 1.09 0.20 −11.21 −1.00 −12.60
2.13 CH32CH 21.5 −0.03 2.11 0.00 −16.56 −1.30 −18.69
2.14 CH33C 12.3 −3.42 1.81 −0.70 −22.40 −2.00 −25.19
2.15 CH2CH 71.6 2.37 1.93 1.10 −7.79 −1.10 −9.80
2.16 CCH 135.1 −3.12 −1.76 −1.20 −7.57 −3.60 −9.40
2.17 C6H5 81.2 −3.80 4.08 −1.60 −23.51 −7.11 −30.31
2.18 CH2OH −4.1 1.89 0.57 −0.18 −9.18 −0.28 −8.98
2.19 CH3O 4.10 3.78 2.12 −0.80 −9.80 −0.70 −9.40
2.20 C2H5O −3.70 1.95 2.04 −1.20 −15.34 −1.40 −15.90
2.21 CH3S 29.8 1.07 2.20 0.80 −8.20 −0.10 −8.80
2.22 HCO 10.0 2.51 0.67 0.30 −6.18 0.70 −5.10
2.23 CH3CO −2.4 1.68 0.99 0.10 −11.52 0.40 −11.20
2.24 CN 104.9 −1.72 −3.17 −1.80 −8.17 −2.40 −8.20
2.25 CF3 −111.3 2.02 2.69 0.90 −6.31 3.38 −2.42
2.26 SiH3 47.9 2.69 1.89 1.00 −5.27 1.20 −4.60
2.27 SiH23B1 86.2 2.42 2.10 1.30 −3.57 0.50 −2.40
MADd 2.56 1.65 0.83 8.42 1.27 8.68
ADe 1.95 1.22 0.12 −8.42 −0.63 −8.68
rmsf 2.99 1.88 0.97 9.98 1.94 11.00
Max+g 6.45 4.08 1.40 −2.35 3.38 −2.30
Max−h −3.42 −3.17 −1.80 −23.51 −7.11 −30.31
aData are taken from Refs. 12, 13, 38, and 39.
bB3LYP/6-311+G3df ,2p //B3LYP /6-311+Gd , p.
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C. Results for various bond types
Statistical analyses are also performed according to bond
types see Table V. These include 25 X−H X=C, N, O, S,
Si, and P, 22 C–C, 38 C−X X=O, N, F, Cl, S, and Si, and
6 X−Y X, Y =O, N, Cl, and Si. For 15 comparisons of C–H
bonds, B3LYP leads to MAD=2.66 kcal /mol, which is the
best result, on average, as compared to its own performance
against other bond types. X1 reduces MAD to 1.64 kcal/mol.
G3 is most satisfactory for C–H bonds, whose MAD is only
0.52 kcal/mol; while G2 is less satisfactory as compared to
G3 with MAD being 1.56 kcal/mol. For ten comparisons of
X−H bonds XC, the performances are generally de-
graded with the exception of the G2 method. While MAD is
more than doubled for G3 to 1.12 kcal/mol, it is reduced to
TABLE III. M –H, M –F, and M –Cl BE in kcal/mol set 3: experimental data and theoretical errors. BE is
derived according to Eq. 4 by using data collected in Tables I and II.
No. Bond Expt. B3LYP X1 G3 G3-HLC G2 G2-HLC
3.1 H–OH 119.30 3.43 1.59 1.30 2.70 0.00 2.90
3.2 H–OCl 94.09 2.90 2.55 −1.31 0.09 −2.71 0.19
3.3 H–OCH3 104.20 4.59 2.77 −0.90 0.50 −2.10 0.80
3.4 H–OC2H5 104.61 5.36 3.12 −1.29 0.11 −2.39 0.51
3.5 H–SH 91.18 1.74 2.16 0.88 2.28 −0.12 2.78
3.6 H–SCH3 87.40 3.28 3.10 1.20 2.60 0.10 3.00
3.7 H–NH2 108.17 3.32 1.75 1.37 2.77 0.27 3.17
3.8 H–NH 92.20 −1.67 −1.28 0.30 1.70 −1.20 1.70
3.9 H–PH2 83.90 2.81 2.73 2.30 3.70 0.90 3.80
3.10 CH3–H 105.00 1.79 0.26 0.70 2.10 −0.80 2.10
3.11 CH2–H
a 110.80 −0.47 −0.23 0.30 1.70 −0.90 2.00
3.12 CH–Ha 100.90 –0.20 1.77 0.10 1.22 1.60 1.60
3.13 C2H5–H 101.08 2.66 0.83 −0.12 1.28 −1.52 1.38
3.14 CH32CH–H 98.60 3.93 1.73 −0.30 1.10 −1.70 1.20
3.15 CH33C–H 96.47 4.49 2.24 −0.93 0.47 −2.33 0.57
3.16 CH2CH–H 111.16 2.89 2.04 0.86 2.26 −0.84 2.06
3.17 HCC–H 133.01 −0.62 0.80 −0.49 0.91 −1.99 0.91
3.18 C6H5–H 113.56 3.11 2.98 −0.94 0.46 −3.15 −0.25
3.19 H–CH2OH 96.02 2.69 1.21 −0.28 1.12 −1.68 1.22
3.20 H–CN 125.50 −2.72 −2.32 −2.00 −0.60 −2.70 0.20
3.21 H–CF3 107.40 4.13 2.35 0.40 1.80 −0.92 1.98
3.22 H–CHO 88.06 1.98 1.02 −0.34 1.06 −1.24 1.66
3.23 H–CO 15.68 −5.58 −2.99 −0.02 1.10 1.08 1.08
3.24 CH3CO–H 89.40 2.60 1.77 0.00 1.40 −0.90 2.00
3.25 SiH2–H
a 90.40 −0.58 0.53 0.30 1.70 −0.70 2.20
3.26 CH3–O 90.46 −1.59 −1.48 1.80 4.53 0.60 3.50
3.27 C2H5–O 92.16 −0.59 −0.95 1.40 4.13 0.40 3.30
3.28 CH3–S 71.40 1.12 −1.56 0.20 2.93 0.00 2.90
3.29 CF3–F 130.72 6.18 1.93 0.04 1.75 −2.18 0.72
3.30 CH2CH–F 123.78 1.54 1.13 −0.10 1.61 −2.80 0.10
3.31 C6H5–F 127.88 2.95 3.56 −1.20 0.51 −4.41 −1.51
3.32 CH3CO–F 122.28 3.72 2.10 0.00 1.71 −1.60 1.30
3.33 CH3–Cl 83.55 3.77 −0.27 1.06 2.77 −1.04 1.86
3.34 CH3CH2–Cl 84.69 5.53 0.41 0.30 2.01 −1.80 1.10
3.35 CH33C–Cl 84.79 8.42 2.64 −1.90 −0.19 −4.19 −1.29
3.36 CF3–Cl 87.19 6.54 2.50 −0.30 1.41 −2.00 0.90
3.37 CH2CH–Cl 91.69 1.51 −1.93 −2.50 −0.79 −4.80 −1.90
3.38 C6H5–Cl 97.79 5.95 2.74 −1.80 −0.09 −4.72 −1.82
3.39 CH3CO–Cl 84.59 4.73 0.32 −0.10 1.61 −1.40 1.50
3.40 HO–Cl 56.19 3.31 0.73 1.40 3.11 −0.20 2.70
3.41 Cl–NO 38.21 −0.05 −1.38 0.82 2.53 −0.18 2.72
MADb 3.10 1.75 0.83 1.67 1.61 1.72
ADc 2.41 1.05 0.01 1.59 −1.37 1.39
rmsd 3.63 1.97 1.07 1.99 2.05 1.97
Max+e 8.42 3.56 2.30 4.53 1.60 3.80
Max−f −5.58 −2.99 −2.50 −0.79 −4.80 −1.90
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TABLE IV. X–Y BEs in kcal/mol set 4: experimental data and theoretical errors. BE is derived according to
Eq. 4 by using data collected in Tables I and II.
No. Bond Expt. B3LYP X1 G3 G3-HLC G2 G2−HLC
4.1 CH3–CH3 90.08 5.68 1.01 1.68 1.95 −0.72 2.18
4.2 C2H5–CH3 88.90 7.51 1.36 0.90 1.17 −1.50 1.40
4.3 C2H5–C2H5 87.80 9.52 1.28 0.00 0.27 −2.40 0.50
4.4 CH32CH–CH3 88.57 10.06 3.18 0.77 1.04 −1.73 1.17
4.5 CH33C–CH3 87.50 11.98 4.70 −0.20 0.07 −2.51 0.39
4.6 CH2CH–CH3 101.82 6.96 2.52 2.02 2.29 −0.68 2.22
4.7 CH2CH–CHCH2 116.90 7.97 3.28 2.60 2.87 −0.50 2.40
4.8 CH3–CCH 125.90 1.70 0.33 0.00 0.27 −2.20 0.70
4.9 C6H5–CH3 104.20 8.36 3.88 0.30 0.57 −4.07 −1.18
4.10 CH3–CH2OH 87.13 7.49 2.28 0.73 1.00 −1.37 1.53
4.11 HCO–COH 70.70 5.93 2.75 −0.30 −0.03 −1.50 1.40
4.12 CH3–CHO 84.70 5.62 2.08 1.20 1.47 −0.70 2.20
4.13 CH32CH–CHO 83.10 10.78 4.81 0.90 1.17 −1.01 1.88
4.14 CH3CO–CH3 84.53 7.32 2.57 1.03 1.30 −0.77 2.13
4.15 CH3CO–C2H5 83.60 9.41 2.41 0.00 0.27 −1.67 1.23
4.16 CH3–CO 10.98 −2.56 −2.67 1.18 1.18 1.28 1.28
4.17 CN–CN 136.50 −5.72 −5.06 −3.30 −3.03 −3.30 −0.40
4.18 CH3–CN 121.90 −0.28 −1.25 −1.00 −0.73 −2.40 0.50
4.19 CH32CH–CN 120.80 5.25 3.43 −0.70 −0.43 −2.08 0.82
4.20 F3C–CF3 98.70 11.50 2.64 −1.00 −0.73 −2.62 0.28
4.21 F3C–CN 112.00 2.30 5.09 −2.70 −2.43 −3.82 −0.92
4.22 CH2CH–CN 133.30 2.42 1.73 0.90 1.17 −0.80 2.10
4.23 CH3–OH 92.40 4.69 1.64 1.90 2.17 −1.20 1.70
4.24 C2H5–OH 94.51 6.47 2.52 1.11 1.38 −1.69 1.21
4.25 CH32CH–OH 96.10 8.36 3.76 0.50 0.77 −2.20 0.70
4.26 CH33C–OH 96.40 9.57 4.85 −0.50 −0.23 −3.14 −0.24
4.27 HCO–OH 109.90 5.10 0.84 1.20 1.47 −1.00 1.90
4.28 CH3CO–OH 110.40 6.73 2.93 1.20 1.47 −0.80 2.10
4.29 CH3–OCH3 83.10 7.34 1.84 −0.20 0.07 −2.80 0.10
4.30 C2H5–OCH3 84.70 8.70 1.17 −1.70 −1.43 −4.00 −1.10
4.31 CH33C–OCH3 84.20 13.37 4.49 −2.90 −2.63 −5.06 −2.16
4.32 C6H5–OH 113.60 6.93 4.88 1.00 1.27 −3.04 −0.14
4.33 CH3–OC2H5 83.00 7.70 0.64 −1.30 −1.03 −3.80 −0.90
4.34 C2H5–OC2H5 85.50 10.07 0.58 −1.80 −1.53 −4.08 −1.18
4.35 CH3CO–OCH3 100.10 9.71 3.30 −1.40 −1.13 −2.91 −0.01
4.36 HCO–OCH3 99.10 7.01 1.74 −2.10 −1.83 −3.80 −0.90
4.37 CH3–NH2 85.60 6.48 2.94 2.60 2.87 0.00 2.90
4.38 C2H5–NH2 85.30 7.27 2.75 0.80 1.07 −1.70 1.20
4.39 CH33C–NH2 86.30 11.67 6.87 0.00 0.27 −2.41 0.49
4.40 C6H5–NH2 105.50 7.27 4.68 0.30 0.57 −3.18 −0.28
4.41 CH3CO–NH2 99.70 7.31 4.41 1.80 2.07 0.30 3.20
4.42 CH3–NO2 60.71 5.96 2.35 0.81 1.08 −2.09 0.81
4.43 CH3–SH 74.68 5.63 1.45 1.88 2.15 −0.12 2.78
4.44 C2H5–SH 74.18 7.80 1.54 1.08 1.35 −0.82 2.08
4.45 CH33C–SH 72.68 11.29 3.98 −1.22 −0.95 −3.29 −0.39
4.46 CH3S–CH3 73.70 7.58 2.04 1.80 2.07 −0.40 2.50
4.47 HO–OH 51.33 5.10 2.94 3.23 3.50 0.83 3.73
4.48 H2N–NH2 67.41 6.73 3.88 3.31 3.58 1.11 4.01
4.49 CH3O–NO 41.58 4.77 3.07 −0.82 −0.55 −2.82 0.08
4.50 CH3–SiH3 89.90 7.45 2.97 2.20 2.47 0.70 3.60
4.51 SiH3–SiH3 76.70 6.23 4.42 0.60 0.87 −0.50 2.40
MADa 7.19 2.86 1.27 1.36 1.95 1.44
ADb 6.85 2.51 0.36 0.63 −1.78 1.06
rmsc 7.66 3.19 1.55 1.63 2.31 1.76
Max+d 13.37 6.87 3.31 3.58 1.28 4.01
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1.05 kcal/mol for G2. B3LYP leads to an increased MAD of
2.97 kcal/mol. This is the second best performance for
B3LYP as compared to those of the other bond types. X1
reduces B3LYP errors, giving MAD of 2.16 kcal/mol.
The C–C bond type presents the largest subset in our test
set 22 comparisons. It covers various chemical situations
where a C–C bond is embedded. MAD of B3LYP is signifi-
cantly increased to 6.65 kcal/mol. The most difficult cases
are when the carbon is highly alkylated. This problem has
been singled out before.32,48–50 The X1 method has removed,
to a great extent, the errors associated with molecular size, it
nevertheless inherits some shortcomings of its parent B3LYP
method. X1 leads to MAD of 2.74 kcal/mol. The present
version of X1 employs only atom type correction. If bond
type and group type corrections can be included, further im-
provement should be anticipated.
B3LYP performance for C−X X=O, N, S in alcohols,
ethers, thiols, sulfides, and amines is extremely poor. For a
total of 27 comparisons, MAD is as high as 7.2 kcal/mol.
Increasing alkylation again leads to increasing errors. For
the C–O/C–S single bonds, MADs with other methods are
2.34/2.11 X1, 1.39/1.24 G3, 1.71/1.89 G3-HLC,
2.59/0.93 G2, and 1.33/2.13 G2-HLC kcal/mol. Hence,
loosely speaking, X1’s results are comparable to those of the
wave function based methods. However we anticipate better
accuracy with new descriptors involving bond and group cor-
rections. Particularly, we notice that X1 is the worst MAD
=4.00 kcal /mol for C–N bonds as compared to its own
performance for other bond types, even though it improves
over the original B3LYP results by 3.66 kcal/mol on average.
Eleven C–halogen bonds have been included in Table III
for comparisons. Errors in B3LYP can be as high as 8.42
kcal/mol and underbinding tendency is clearly seen. G2 is
particularly erroneous for this set. G3 improves over G2 by
including the spin-orbital corrections for atoms.12,13 Such
corrections can be inexplicitly included through the NN pa-
rametrization in the X1 method. For these C–halogen bonds,
MADs associated with each method are 4.62 B3LYP, 1.77
X1, 0.85 G3, 1.32 G3-HLC, 2.81 G2, and 1.27
G2-HLC kcal/mol.
We have also included seven X−Y bonds, where X and Y
are neither C nor H atoms reactions 3.39, 3.40, and
4.46–4.50. Accurate description of these bonds is a great
challenge, as it may involve subtle balance between hyper-
conjugative effect and steric repulsion of lone pair electrons
as in HO–OH and H2N–NH2. G3 and G3-HLC give MADs
of 2.06 and 2.77 kcal/mol, respectively, being the worst set
of their own according to the bond types. G2, being the best
method for this bond type, leads to MAD of 1.06 kcal/mol,
whereas MAD of G2-HLC is 3.21 kcal/mol. B3LYP brings
about a MAD of 5.61 kcal/mol, while X1 reduces it to 3.23
kcal/mol.
D. Additional test sets beyond G3/99
We further include 5 radicals and 39 molecules set 5
that go beyond the G3 /99 set to set up 50 additional bond
dissociation reactions set 6. There are 27 molecules, which
are not included in the X1 /07 set. The data for heats of
formation are summarized in Table VI and bond energies are
presented in Table VII. As set 5 contains larger molecules
and heavily branched alkanes, errors for heats of formation
can be appreciable e.g., −18.57 C6H5C6H5, −22.08
CH32CHCCH33 kcal /mol. MAD and average devia-
tion AD for this set are 6.59 and −5.73 kcal /mol, respec-
tively. MAD and AD of X1 for this set are 1.53 and 0.50
kcal/mol, respectively. X1 amends the B3LYP errors to a
large extent, but the error is still as high as −4.90 kcal /mol
for CH32CHCCH33, which contributes the largest error
for X1 of set 5. For C6H5C6H5, on the other hand, X1 over-
corrects B3LYP, giving a positive error of 2.54 kcal/mol.
Set 6 contains another 22 C–C bonds. B3LYP and X1
yield MADs of 9.27 and 3.34 kcal/mol, respectively. The
increased errors are due to the increased degree of
alkylation.32,48–50 For CH32CH–CCH33, the B3LYP error
is 18.64 kcal/mol. X1 reduces it to 8.82 kcal/mol which is,
nevertheless, far from being satisfactory. On the other hand,
there are six C–N and eight X–Y bonds X , Y C, H. Even
though the B3LYP’s errors are no less than before the cor-
responding MADs=7.58 and 6.93 kcal/mol, X1 gives
MADs of 1.46 and 1.60 kcal/mol for these two types. Gen-
erally, the improvement over B3LYP is significant and con-
sistent with the X1 method for the prediction of both heats of
formation and bond energies. For the total of 50 BEs listed in
Table VII, B3LYP leads to MAD of 7.92 kcal/mol, while X1
corrects it to 2.61 kcal/mol.51,52
IV. CONCLUSION
Recently, we proposed a composite method, namely, X1
for the calculation of the standard heats of formation at 298
TABLE V. Summary of MADs kcal/mol for different methods against different bond types. Statistical
analyses are performed by using data in Tables III and IV.
Bond types B3LYP X1 G3 G3-HLC G2 G3-HLC
C–H 15 2.66 1.64 0.52 1.24 1.56 1.35
X–H 10,XC,H 2.97 2.16 1.12 1.82 1.05 2.10
C–C 22 6.65 2.74 1.06 1.16 1.80 1.31
C–O 16 7.16 2.34 1.39 1.71 2.59 1.33
C–N 6 7.66 4.00 1.05 1.32 1.61 1.48
C–F 4 3.60 2.18 0.34 1.40 2.75 0.91
C–Cl 7 5.21 1.54 1.14 1.27 2.85 1.48
C–S 5 6.68 2.11 1.24 1.89 0.93 2.13
X–Y 7,X ,Y C,H 5.61 3.23 2.06 2.77 1.06 3.21
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TABLE VII. BEs in kcal/mol set 6: experimental data and theoretical
errors. BEs are derived according to Eq. 4 by using data collected in
Tables VI and II.
No. Bond Expt. B3LYP X1
6.1 H–CCl3 93.76 4.02 2.89
6.2 H–ONO 78.81 4.00 3.77
6.3 H–ONO2 101.20 3.55 1.75
6.4 F–n-C3H7 110.08 −0.06 −2.31
6.5 Cl–CN 100.89 −2.03 −2.73
6.6 Cl–CCl3 68.93 8.47 5.02
6.7 Cl– i-C3H7 85.49 7.46 1.74
6.8 C2H5O–OC2H5 38.70 11.92 1.37
6.9 O–NO2 50.47 −1.28 −1.44
6.10 HO–NO 49.78 2.26 2.14
6.11 HO–NO2 49.41 3.98 0.67
6.12 C2H5O–NO 43.78 7.92 5.07
6.13 C2H5O–NO2 41.01 6.85 0.53
6.14 HS–SH 64.66 5.72 2.65
6.15 CH3S–SCH3 65.40 9.74 2.64
6.16 n-C3H7–ONO2 82.50 7.41 −0.13
6.17 i-C3H7–ONO2 84.10 9.94 2.58
6.18 C2H5–ONO2 82.70 7.54 1.02
6.19 n-C3H7–n-C2H5 87.90 9.59 0.40
6.20 n-C3H7–n-C3H7 87.70 9.30 0.71
6.21 C2H5–CHCH32 87.30 12.94 3.79
6.22 CH3–CH2CHCH32 88.90 8.10 0.90
6.23 CH32CH–CCH33 82.70 18.64 8.82
6.24 CH32CHCH2–CH2OH 85.12 9.45 0.23
6.25 F3C–CH3 101.70 6.55 3.10
6.26 Cl3C–CH3 86.00 9.10 3.38
6.27 CH2CH–C2H5 100.50 9.07 2.76
6.28 CH2CHCH2–CH3 75.90 9.44 3.57
6.29 CH2CH–CHCH32 100.00 12.50 5.25
6.30 CH2CH–n-C3H7 100.50 8.89 1.76
6.31 CH2CHCH2–C2H5 74.80 11.40 3.36
6.32 HCC–C2H5 124.50 3.83 0.90
6.33 C6H5–CHCH2 117.70 9.83 4.78
6.34 C6H5–CN 133.80 0.93 1.02
6.35 C6H5–CHO 100.00 7.22 3.24
6.36 C6H5–COCH3 99.50 10.77 4.35
6.37 CH3CO–COCH3 73.30 8.96 3.35
6.38 n-C3H7–COCH3 83.30 9.19 1.07
6.39 C6H5–CHCH32 101.74 13.59 6.01
6.40 C6H5–C6H5 119.00 10.96 5.61
6.41 n-C3H7–NH2 86.30 8.33 3.24
6.42 i-C3H7–NH2 86.60 10.24 5.27
6.43 C2H5–NO2 61.01 6.95 1.51
6.44 n-C3H7–NO2 61.61 7.68 0.77
6.45 i-C3H7–NO2 62.91 10.29 3.50
6.46 C6H5–NO2 72.91 6.05 1.31
6.47 n-C3H7–SH 74.28 7.10 −0.21
6.48 i-C3H7–SH 73.88 9.74 2.47
6.49 CH3CO–SH 73.58 5.42 −2.05











TABLE VI. Heats of formation at 298 K unit in kcal/mol: experimental
data and theoretical errors for a set of molecules and radicals beyond the
G3 /99 set set 5.
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K for neutral molecular species in gas phase, containing H,
first row Li–F and second row Na–Cl elements.37 In the
present work, we examine the X1 performance to calculate
BE. We use 27 radicals and 76 molecules total 103 con-
tained in the G3 /99 set to set up 92 bond dissociation reac-
tions. We further include 5 radicals and 39 molecules that go
beyond the G3 /99 set to set up 50 additional bond dissocia-
tion reactions. The bond types include C–H, X–H, C–C,
C–O, C–N, C–F, C–Cl, C–S, and X–Y X, Y C, H. The
lowest BE is that for CH3–CO, 10.98 kcal/mol, while the
highest BE is that for NC–CN, 136.50 kcal/mol. Heats of
formation span from −321.3 C2F6 to 135.1 CCH kcal/
mol. We compare the B3LYP and X1 results with those of
G2 and G3 methods with and without HLC. We conclude the
following:
1 HLC significantly improves the wave function based
methods for the prediction of heats of formation at-
omization energies. It does not necessarily improve the
performance for the prediction of BE. For the total of
103 heats of formation, G3, G3-HLC, G2, and
G2-HLC lead to MADs of 0.74, 13.70, 1.62, and 14.54
kcal/mol, respectively. For the total of 92 bond ener-
gies, MADs are 1.07 G3, 1.50 G3-HLC, 1.80 G2,
and 1.56 kcal/mol G2-HLC.
2 For the total of 147 heats of formation and 142 BEs,
B3LYP leads to MADs of 4.54 and 6.26 kcal/mol, re-
spectively. X1 significantly and consistently reduces the
B3LYP errors. The corresponding MADs for heats of
formation and bond energies are 1.41 and 2.45 kcal/
mol, respectively.
The present version of X1 uses only atom types as de-
scriptors and thus can be generally applied.53 Inclusion of
new descriptors of bond and group types is expected to im-
prove further the accuracy. The X1 method sets up a NN to
correct the B3LYP heats of formation at the level of
B3LYP /6–311+G3df ,2p. Other versions, based on dif-
ferent functionals and basis sets, are in progress.
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